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INTRODUCTION
CO2 separation is a critical component of carbon capture, now a subject of major world-wide effort due to the significant climate change effects associated with the large anthropogenic emissions of CO2. While the capture of CO2 using mesoporous or nanoporous materials is receiving widespread attention [1] [2] [3] [4] [5] , a significant concern is that of co-adsorption of water which saturates flue gas. Commonly used CO2 adsorbents like zeolites and metal organic framework show efficiency problems as being hydrophilic materials [6, 7] . Hence hydrophobic carbon will be preferred alternative [1] .
Graphene [8] [9] [10] [11] [12] [13] [14] is an interesting and attractive candidate as a membrane for gas separation due to its nanoscale dimensions and the inherent electronic, mechanical and surface properties. In particular, bilayer graphene [15] [16] [17] is the stacking of two monolayer graphene bound by van der Waals forces with a separation of 0.335 nm in between the layers and stackings occurs in two possible ways, as AA and AB. Moreover, the electronic properties of bilayer graphene are superior to monolayer graphene due to its non-zero bandgap, and its interlayer electron hopping markedly affects its electronic structure [18, 19] .
Recently, bilayer graphene has emerged as a promising candidate for gas separation and gas storage, whose properties can be changed by interlayer rotation angle [20] as well as by interlayer distance. The electronic structure of bilayer graphene varies in different regimes, according to the interlayer separation, and it can even form strong covalent bonds when the interlayer distance is 0.156 nm [21] . Further, studies with multilayer graphene nanostructure have confirmed the importance of interlayer spacing optimization. Thus, besides the monolayer, stacking of graphene has a great impact on the adsorption affinity, which depends on the interlayer spacing. [22, 23] Studies with nanoporous membranes for CO2 separation confirmed that the presence of water molecules influence the adsorption efficiency of CO2. Permeances of H2, N2, and O2 decreased by a factor of 50 compared to that of CO2 on increasing humidity, leading to selectivity increase for carbon dioxide [6] . Takashi and co-workers [24] predicted the opposite effect that the repulsive electrostatic interactions are reduced by the insertion of water molecules into CO2-contaning graphene oxide structures due to the occurrence of attractive water-layer interactions through hydrogen bonding. On the other hand, Liu and Bhatia [7] have reported that pre-adsorbed water in carbon nanotubes significantly enhances CO2 adsorption at low pressure due to the effect of CO2-H2O interactions, particularly when the water is present as small clusters. Furthermore, studies on graphene oxide membranes suggest that there are possibilities for adsorbed water to be present as small clusters, due to the disordered nature of the interlocking spaces [25, 26] . All the above studies suggest that presence of H2O plays a crucial role for the adsorption of CO2 on nanomaterials, and hence it is highly important to study the adsorption characteristics of H2O.
The inherent electronic structure of graphene, which influences its performance in various applications in particularly gas adsorption and separation can be modified by means of functionalisation used to terminate (i.e. passivate) its edge sites [27, 28] , by doping [29] , and the presence of structural defects [28, 30] . The changes in the electronic structure of both graphene and bilayer graphene will, in turn, affect its adsorption affinity.
Brenner et al. [31] experimentally demonstrated that edge decoration is the most pronounced method of chemical doping, which in turn induces vast charge carrier densities.
Further, when the edge sites of graphene are terminated by fluorine [32] , [33] , there will be drastic changes in the electronic structure which lead to a distinct increase in hydrophobicity [28, [34] [35] [36] . On the other hand, hydrogenated and hydroxylated pore structure have been utilized to increase the water flux through nanoporous graphene [12] , suggesting hydrophilicity. Monte Carlo studies on edge-functionalised bilayer graphene nanoribbons reveal that the specific site functionalisation can have an impact on the local adsorption characteristics, which can be used for enhanced methane storage capacity [37] . Such results emphasise the significant effect of the edge-terminating group in graphene on its adsorption properties, and also an appropriate choice of edge group which helps for the permeation of gas molecules and promotes selectivity.
Structural defects on perfect graphene serve as reactive sites due to the locally increased reactivity of the π-electron system. Similar to the creation of a stone-wales defect, the rotation of a bond in the octagon of the 5-8-5 defect, leads to the formation of double vacant triple pentagon-triple heptagon 555-777 [38] defects, which is frequently observed in electron microscopy experiments. Kotakoski et al. [39, 40] have demonstrated that both 5-8-5 defect and 555-777 defect are frequently observed divacancy (DV) configurations in the carbon based materials, which not only transform to each other but also migrate via SW-type transformations [31, 32] . The presence of the divacancy defect [41] is able to improve or deteriorate the electron transport of the graphene nanostructure, which is strongly dependent on the distributions of the divacancy defect [42] . Leenaerts et al. [43] investigated the penetration barrier of helium atoms through defect graphene using first-principles, and found that the penetration barrier decreases exponentially with the size of the defect. Moreover, studies on the adsorption of O2, CO, N2, B2 and H2O on graphene with DV defects by Sanyal et al. [44] reveal that the gas molecules interact strongly with the DV defect and that the graphene exhibits metallic behavior in the presence of CO and N2. Hu et al. [45] explored the electronic and magnetic properties of fluorinated bilayer graphene by first-principles calculations and found that the electrical conductivities of both fully-fluorinated and halffluorinated graphene can be improved by the presence of fluorine vacancies. These studies suggest the enhancement in the adsorption characteristics due to the presence of divacancy defects, which can be utilized for gas sensing performance.
Similarly, it has been theoretically shown that the effect of lithium doping in monolayer and bilayer graphene is local and increases its reactivity, to such an extent that the chemical groups that are not reactive with graphene become bonded when lithium is underneath, showing lithium doped graphene is metallic [46] . Krepel et al. [47] theoretically demonstrated the opening of a measurable bandgap in lithium-mediated graphene upon benzene adsorption, with the bandgap being sensitive to the adsorbate density, indicating that lithium-adsorbed graphene can be used as a chemical detector. Besides, intercalation of hydrogen and fluorine atoms into graphene-SiC interfaces is energetically favourable and results in the decoupling of the buffer layer from the substrate [48] . Lithium doped multilayer graphene with an interlayer spacing of 0.68 nm exhibits no CH4 adsorption, which in turn indicates infinite selectivity of CO2 and H2S [49] . These studies suggest that the reactivity of graphene improves upon lithium intercalation.
Recent studies demonstrate graphene to be superior membrane for gas separation [50] .
Likewise, the fluorinated graphene due to its hydrophobic nature makes a strong candidate for CO2/H2O separation. [32, 34] Besides, functionalisation and defects on graphene sheet have shown the pronounced impact on the separation of CO2 from flue gas. Hence, the simultaneous effect of defect introduction and the fluorine-termination of edge sites can remarkably influence CO2 separation with the selective inhibition of water molecules.
Our earlier study on the adsorption characteristics of CO2 and H2O on hydrogenterminated and fluorine-terminated pristine/defect sheets [28] report that incorporation of Stone-Thrower-Wales [51, 52] defects enhances adsorption of both CO2 and H2O molecules compared to the pristine sheet, and the edge fluorination of pristine graphene offers an attractive route for enhancing hydrophobicity. In the present work, we investigate the effect of simultaneous triple pentagon-triple heptagon DV defect introduction and fluorine/hydrogen-termination at the edges of the graphene sheet on the adsorption of CO2 and H2O using the density functional theory. We also extend our study to edge-functionalised bilayer graphene (of AA and AB stacking) with Li-intercalation to study the adsorption characteristics of CO2 and H2O. The interlayer separation of 5 Å is maintained between the graphene layers. Recent work [53] has shown that surface adsorption has an important influence on the flux in nanoporous membranes. The results from this work provide molecular-level insights into the adsorption properties of CO2 and H2O on H and F edgeterminated graphene sheet with DV defect as well as the effect of lithium doping on bilayer graphene, and the effects of these strategies on the selectivity of CO2 over H2O.
COMPUTATIONAL DETAILS
A 5*5 rhombic lattice of graphene cluster with 70 carbon atoms with dimensions of ~12.22 Å is constructed, and its edges are functionalised using 22 hydrogen/fluorine atoms as depicted Figure 1 . At the center of the sheet, the 555-777 divacancy defect (as shown is Lithium atom is intercalated in between the bilayer graphene and then the gas molecule is made to adsorb in between the layers. The structures for all the possible orientation and adsorption sites were optimized using the density functional methodology with PBE1PBE/6-31G* level of theory. The PBE1PBE functional provides high accuracy for weak and nonbonded interactions [54] and is well suited for the present work, as is the 6-31G* basis function, commonly used for physisorption in carbon nanomaterials [33, 55, 56] . All the calculations were performed using Gaussian 09 [57] software. Frequency calculations were carried out on the fully optimized structures to confirm their minima. The Total Density of States (TDOS) and the Partial Density of States (PDOS) plot were obtained using Multiwfn programs [58] .
The adsorption energy of CO2 and H2O on the graphene cluster (both monolayer and bilayer) was calculated using the formula:
Similar to the single layer, the formation energy EF, of the DV defect in bilayer graphene cluster is defined as follows:
where E(DV-bilayer -graphene) and E (bilayer -graphene) are the total energies of defective and perfect bilayer graphene cluster respectively. The formation energy of bilayer The top and side view of the optimized geometries of the hydrogen and fluorine atoms terminated graphene clusters with a DV defect are shown in Figure 1 . The incorporation of the DV defect induces strain around the defect, which in turn causes the bending of graphene cluster, visible in Figure 1 . Table 1 provides the optimized structural parameters of the pristine sheets as well as DV sheet, showing that the C-C bond lengths along the armchair edges are shorter than the zig-zag edges of both pristine and DV defect sheet, which indicates that the armchair edges are relatively stronger than the zig-zag edges. Further, in the DV sheet, the C-C bond lengths are larger in the defect region compared to that of the surrounding C-C bonds. Among the defects, strong C-C bond length (~1.37 Å in both DV/H and DV/F) corresponds to the pentagon ring, while slightly weak C-C bond is observed in heptagon (>1.4 Å), indicating reduced electron density in the defect. Further, the C-H and C-F bond length are 1.08 Å and 1.33 Å respectively, with the Mulliken charge of 0.182 e and -0.265 e for H and F atoms in the H-and F-terminated pristine graphene cluster (P-Gr/H,F) respectively. The electronegative nature of fluorine atoms results from the electron density delocalization around the fluorine atoms, which leaves the carbon atom with a positive charge, thereby making the C-F bond polar. Interestingly, the C-H and C-F bond length remain unchanged even after incorporating 555-777 DV defect in the sheets
Adsorption of CO2 and H2O
The gas molecules are initially adsorbed above the graphene cluster considering all possible orientations and sites for adsorption, in order to find the most favourable adsorption configurations. The adsorption height is measured as the minimum distance between the gas molecule and the graphene cluster. The adsorption energy values of CO2 and H2O on the pristine graphene sheet are taken into account from our previous work 48 , in which a graphene cluster of size 4*4 was considered. The dimensions along with edge effects in graphene sheets have significant influence [37, 59, 60 ] on adsorption energy of molecular systems due to the density difference and the local deformation in the edge region than in the large sheet [37, 59, 60] . Particulary small sheets show pronounced changes in their chemical
properties than large sheets due to functionalisation. Hence, the considered rhombic sheet of 70 carbon is justifiable to study the the effect of edge functionalization on adsorption though it is undeniable that large sheets satisfy the practical purpose.
CO2:
The two possible orientations of CO2 on graphene cluster are as follows (i) parallel to the graphene cluster and (ii) perpendicular to the surface. The most stable geometry of CO2
adsorbed on H-and F-terminated sheets with CV and CX meniscus are shown in Figure 2 .
The structural parameters of the adsorbed CO2 molecule, along with its adsorption energy, adsorption height and NPA charges at the various adsorption sites for the parallel and perpendicular orientation of CO2 respectively are listed in Table 2 To predict the charge transfer between the gas molecules and the systems, Natural
Population Analysis (NPA) charges are noted. The negative values of NPA charges on the CO2 indicate that the charges are transferred from the graphene cluster to the adsorbing gas molecules.
The amount of charge transferred is greater on the convex side than the concave side of the hydrogen terminated sheet, whereas vice-versa is the case for fluorine termination. All the above results indicate that the concave meniscus is favourable for the adsorption of CO2, and the fluorine termination has better adsorption affinity for CO2 than the hydrogen termination.
H2O:
Like CO2, the H2O molecule is initially placed in several adsorption configurations on the DV defected graphene cluster. The most stable geometries of the H2O adsorbed on H-and F-terminated graphene clusters are shown in Figure 3 . The adsorption energy and adsorption height of the H2O molecule on the graphene surface along with its structural parameters are listed in Table 4 . The most stable configurations denoted by the asterisks in the third column of Table 4 are alone conisdered for further discussions. In all the optimized stable geometries, the H2O molecule prefers the hollow site (unlike CO2 which prefers bridge site), which is the stable site of adsorption. In the hydrogen terminated DV defected sheet, the adsorption energy (adsorption height) is -160.15 meV (2.62 Å) and -159.36 meV (2.69 Å) on the concave and convex meniscus respectively. Similar to the adsorption of CO2 on hydrogen termination, the adsorption affinity of H2O molecule is greater on the concave meniscus than on the convex meniscus, which is augmented through its adsorption energy and the decrease in adsorption height to 2. In summary, from the adsorption of both CO2 and H2O on the two kinds of graphene clusters and on their respective meniscus, we find no significant changes in the structural parameters of the gas molecules (there is only a slight decrease in its bond angle and no change in bond length), which substantiates that gas molecules are essentially physisorbed. Adsorption of the gas molecules on the concave meniscus is more favorable than the convex meniscus, which is confirmed through its adsorption energy of the gas molecules on the graphene cluster.
Fluorine termination increases the affinity of CO2 molecule and decreases the affinity of the water molecule, thus increasing its hydrophobicity. Fluorine termination reduces the magnitude of the adsorption energy of H2O on its concave meniscus by about 34 meV, which corresponds to about 73% reduction in the Henry law constants, based on the Boltzmann factor. On the other hand, based on the increase in adsorption energy of CO2 on fluorine termination by 2 meV, 8% increase in the Henry law constant is predicted. In our previous work, [28] for the STW defect sheet, we found 54% and 18% reduction in Henry law constant for H2O and CO2 on fluorine termination respectively. Thus, the incorporation of 555-777 defect significantly influence the adsorption of CO2 and simultaneously suppresses the adsorption of H2O compared to the STW defect. Conclusively, fluorination of graphene cluster increases the affinity towards CO2 as well as the hydrophobicity of the cluster.
On comparing the influence of STW [28] (from our previous work) and DV defects (present study) on the adsorption of gas molecules in the graphene cluster, we notice bridge and the hollow to be the strong adsorption site for CO2 and H2O in both the STW and DV defective sheets. However, the adsorption energy of gas molecules is enhanced for the DV defective sheet compared to the STW defect despite similar interaction distance. More precisely, the adsorption energy of CO2 is enhanced by 12.6 meV and 20.89 meV for Hterminated and F-terminated DV defective sheets respectively. Similarly, for H2O respective increase of 49.7 meV and 37.03 meV in adsorption energy is observed for H-terminated and F-terminated DV defective sheets. Thus, the enhanced adsorption energy shows that the DV defect is more reactive to the gas molecules compared to the STW defective sheets.
However, it is worth mentioning that the effect of edge functionalisation will be significant for increase in cluster size up to a particular value [62] , beyond which either the edge hydrogenation or fluorination will have a negligible effect on the adsorption affinity.
Thus, the edge functionalisation of the infinite graphene sheet will tend to have no significant influence on the adsorption properties, whereas the functionalisation effect is prominent in graphene clusters.
BILAYER GRAPHENE
Simple (AA) and Bernal (AB) stacking:
The defect incorporated hydrogen terminated sheets are stacked in two possible ways such as simple and Bernal stacking with initial interlayer separation of 5 Å. Similar is the case for fluorine termination. Figure 4 shows the optimized geometries of AA (simple) and AB (Bernal) stacked bilayer graphene cluster of H-and F-termination. Both simple and
Bernal stacked graphene cluster get twisted. Hence its interlayer spacing varies throughout the sheet. The interlayer spacing of both simple and Bernal stacked graphene cluster decreases and the layers in Bernal stacking get displaced and slide on one over the other, whereas the simply stacked graphene layers form a cavity by facing each other. Besides the above, the effect of lithium atom on the bilayer graphene cluster for carbon dioxide sensing is investigated by intercalating the lithium atom in the vicinity of the defect between the stacked layers.
Li intercalation: Figure 5 shows the optimized geometries of lithium intercalated bilayer graphene cluster of hydrogen termination and fluorine termination respectively.
The Li-intercalation energy on defective bilayer graphene cluster, 
Pore size:
The pore size between the stacked layers is a crucial factor limiting the adsorption of gas molecules between the layers. The interlayer spacing can be measured by fitting a sphere of maximum diameter in the electron density isosurface plot of the pore region, illustrated in Figure S1 (in Supplementary Information). The measured pore radius of the stacked graphene layers is listed in Table 5 . From the table, it is clear that the pore size of the AB stacked layers are shortened by 1 Å compared to the AA stacked layers, because, in AB stacking, the layers are sliding away from each other. The decrease of pore size in AB stacking prevails in both the terminations of the sheet. On intercalating the lithium atom, the pore size further decreases, indicating that the lithium atom pulls the layer closer. However, a substantial decrease in pore size is observed in AA stacking (upto ~0.8 Å), whereas it is very small in AB stacking (upto ~0.2 Å), upon Li intercalation. Thus, there is a substantial volume change during the Li intercalation, which is prominent in simple stacking rather than the Bernal stacking.
Li adsorption site:
Li atom, when intercalated into the stacked layers, occupy an adsorption site in the vicinity of the defective region of the sheet. The adsorption site of the lithium atom varies with respect to stacking, but not with the type of terminations. In AA stacked layers, Li occupy the top site (i.e.) very near to the central C atom of the defect. However, in AB stacked layers, Li occupies the hollow site of the stacked pentagon rings and stacked heptagon rings for H-and F-terminated bilayers respectively. The concentration of intercalated lithium atom is limited to one here, because, when multiple Li atoms are intercalated, there are possibility of Li clustering [63] as well as the Li binding [64] to the defect region of the surface, which will alter the pore size and the adsorption affinity.
The gas sensing performance of the lithium intercalation in stacked graphene cluster is investigated by CO2 adsorption, and its hydrophobic characteristics can be assessed through H2O adsorption.
ADSORPTION OF CO2 AND H2O:

CO2:
The adsorption of either CO2 or H2O on the lithium intercalated bilayer graphene cluster can be done in two ways (i.e.,) either between the layers (intercalation) or outside the layer. Here, we consider the adsorption of CO2 in between the layers (near the lithium atom). Figure 6 shows the optimized geometries of CO2 adsorbed on lithium intercalated bilayer graphene cluster of hydrogen termination and fluorine termination. Table 6 shows the adsorption energy values (in eV) of CO2 and H2O on the lithium intercalated complexes.
Compared to the adsorption energy values of CO2 and H2O on single layer graphene cluster, the bilayer graphene cluster considerably improves the adsorption affinity for both the gas molecules. From the table, the adsorption energy of CO2 on the considered complexes (~ -0.3 eV) is 6 times larger than single layer values. Among AA and AB stackings of the graphene cluster, the AA stacking is more effective for the adsorption of gas molecules, as it improves the adsorption energy of the order of 0.04 eV for CO2. Increased adsorption energy of 0.08 eV is observed for the AA stacked H-terminated graphene cluster compared to the Fterminated cluster. In particular, the adsorption energy of CO2 on Bi/Li/F-AB cluster is very small (-0.0120 eV), which is substantiated by the increased interaction distance (between CO2 and the cluster) and the decreased distance between Li and CO2. Besides, in F/AB stacking, the graphene layers slide one over the other, thus increasing the interaction distance of the layers from the gas molecule (c.f. Fig. 6 ). Moreover, the interlayer separation decreases further on the intercalation of gas molecules nearer to the lithium atom.
In the above scenario, the bond length of the CO2 in the adsorbed complex remains unaltered, whereas the bond angle reduces to 178, deviating from linearity, due to the influence of the bilayer. It is well supported through the NPA charges, in which the positive charge of the lithium atom and the adsorbing gases indicates that it donates charges to the van der Waals surface on either side. Furthermore, the more positive charge on lithium indicates that lithium loses electrons to the bilayer compared to CO2.
H2O:
Similar to the case of CO2, H2O is adsorbed near the lithium atom intercalated on the bilayer graphene cluster. Figure 7 shows the optimized geometries of H2O adsorbed on lithium intercalated bilayer graphene cluster with hydrogen and fluorine termination. From Table 6 , the adsorption energy of H2O on bilayer graphene cluster is drastically improved compared to the single layer adsorption. However, the adsorption affinity of H2O differs for AA and AB stackings; that is adsorption energy is enhanced by 7 and 3 times for AA and AB stacking (in both H and F termination) respectively on comparing to the adsorption on a single layer. In H-terminated structures, the adsorption energy of AA stacking is 0.65 eV larger than AB stacking, whereas in fluorine termination it is 0.40 eV. Thus, AB stacking reduces the adsorption energy of H2O by 0.65 eV and 0.40 eV in H-termination and Ftermination respectively.
Unlike CO2, on adsorption, the structural parameters of H2O such as its bond angle varies upto 108° from 103.78° (in free H2O), along with the marginal increase in bond length ~0.97 Å. Further, on adsorption H2O donates charges to the bilayer, evident from the NPA charges.
On summary, among the simple and Bernal stacked graphene clusters, maximum adsorption affinity is observed for simple stacking in both kinds of edge functionalisation.
However, an increase in hydrophobicity is found in the AB stacked graphene clusters.
Further, in the bilayer, enhanced adsorption affinity of 6 and 7 times for CO2 and H2O is observed respectively compared to monolayer graphene cluster. Further insights on the influence of adsorption are obtained from the electronic properties of the graphene clusters, discussed below.
ELECTRONIC PROPERTIES: SINGLE LAYER: HOMO-LUMO:
For the hydrogen terminated pristine sheets, the inner carbon atoms experience a delocalization of the -electron cloud over whereas the sigma orbital of electrons is delocalized over the edge carbon atoms (zigzag edges) in the HOMO-LUMO distributions (depicted in Figure S2 of the Supplementary Information) indicating that the edge carbon atoms are stronger than the inner carbon atoms. Edge terminating hydrogen atoms do not have any charge population. Likewise, in the fluorine terminated sheet, sigma electrons are on the edge carbon atoms, while the -electron cloud are on the inner carbon atoms. Further, orbital sigma charges are localized on edge terminating fluorine atoms evident from both HOMO and LUMO distributions. In the defect sheet of both hydrogen and fluorine termination, the heptagon ring of the defect possess meagre amount of -electron cloud in the HOMO, whereas the electron distribution in LUMO differs due to the edge termination.
However, the strain induced by the 555-777 defect localizes the -electron cloud in the LUMO of hydrogen terminated sheet. On the other hand, in the fluorine terminated sheet, sigma, and pi electrons are distributed on the either ends of the defect. Figure S3 depicts the HOMO-LUMO distribution of the most stable configurations of CO2 and H2O adsorbed complexes. In both hydrogen and fluorine terminated sheets of its corresponding meniscus, the HOMO-LUMO distribution does not show any charge distribution on the carbon dioxide molecule, indicating CO2 is physisorbed on the defect sheets. Similar behavior is observed in the H2O adsorbed complex. The frontier orbital energy difference between the graphene cluster and the gas molecules along with the band gap values for the adsorbed complexes are listed in Table 7 . The band gap value of the Def/H sheet is only 0.004 eV higher than the Def/F sheet so that there is no significant change in band gap value on edge termination. The band gap value increases marginally when the CO2 and H2O are made to adsorb on the concave meniscus of hydrogen terminated sheet and convex meniscus of fluorine terminated sheet. From the table, EL-H > EH-L for the adsorption of CO2, which implies that both meniscus of Def/H and Def/F sheet prefers to transfer the electrons to the CO2 molecule. Moreover, the large difference of EL-H -EH-L accounts for the large charge transfer observed from H-terminated sheet to CO2 molecule compared to the fluorine termination. In contrast to the CO2, the H2O adsorbed complexes follow EH-L > EL-H so that H2O provides electrons to the graphene cluster. It is observed that more facile charge transfer occurs in the Def/F sheet compared to the Def/H on adsorbing the water molecules, because of the large energy difference between EH-L -EL-H in Def/F sheets.
Density Of States:
The electronic structure can be understood from the Total Density of States (TDOS) and the Partial Density of States (PDOS), calculated for the pristine graphene cluster and the defective cluster, and shown in Figure 8 . In the PDOS of P-Gr/H, the edge hydrogen atoms provide a meagre contribution to HOMO and a significant peak in the low-lying regions of LUMO. In the case of P-Gr/F, a prominent peak is observed for fluorine atoms in the HOMO region, which thereby pushes up the TDOS peak in the HOMO region, with no contribution in the LUMO region, consistent with our previous results [28] . Besides, inspite of including the DV defect in both the H and F terminated sheets, the contribution of edge atoms remains the same as in the pristine structure. The DV defect has influence in the valence band region of both the H and F terminated sheets.
BILAYER HOMO-LUMO and Density Of States:
Figure S4 in Supporting Information depicts the HOMO-LUMO distribution for CO2 and H2O adsorbed on the lithium intercalated AA, and AB stacked bilayer graphene cluster.
From the figures, both HOMO and LUMO charges are accumulated on the bilayer surface and not on the lithium atom or gas molecules, confirming the physisorption of gas molecules.
Interestingly, the HOMO and LUMO charges of AA-stacked graphene clusters are entirely located on both the layers, whereas in AB-stacked graphene cluster, only either of A or B layer have charge accumulation.
The total density of states (TDOS) and the partial density of states (PDOS) for the stacked graphene clusters are shown in Figure S5 in Supporting Information. The HOMO-LUMO gap value for the stacked bilayer graphene cluster is shown in Table 8 . Significant change is observed near the Fermi level for both simple and Bernal stacking. The sharp down peak is observed near the Fermi level for simple stacking however it is broadened for Bernal stacking, which accounts for the increased band gap value in the simple stacking for both pristine as well as defective graphene cluster (c.f. Table 8 ). Edge terminating H-atoms contribute in low-lying regions of the conduction band, whereas the fluorine atoms contribute in the valence band region, due to its electronegative nature. The contribution of defect carbon atoms is prominent in the valence band region, which is responsible for the dominant peak of the TDOS in the valence band region. Besides, a significant contribution of the states near the Fermi level is due to the presence of defects, accounting for the electronic structure variation.
The TDOS plot for the lithium intercalated bilayer systems ( Figure S6) show that the contribution of the intercalated lithium atom is in the conduction band region, and hence it is expected that the intercalated lithium will improve the conductivity of the system, which in turn enhances adsorption affinity. This is consistent with the NPA charges, in which the lithium atom donates charges to the bilayer. Furthermore, lithium intercalation decreases the band gap value evident from Table 8 , as lithium atom decreases the interlayer separation.
The HOMO-LUMO gap value of the CO2 adsorbed complex remains in the same range ~0.8 eV for both AA and AB stacking due to the negligible differences in their binding energies. However, the HOMO-LUMO gap for AB stacked graphene cluster (of both H-and F-termination) decreases marginally compared to AA stacked graphene cluster, consistent with the increased reactivity of AA-graphene in terms of increase in their binding energies.
Thermochemical parameters: Monolayer and bilayer
Thermochemical parameters are calculated to understand the energetics associated with the adsorption, particularly energy and heat associated with chemical/physical transformations. Enthalpy (H), entropy (S) and Gibbs free energy (G) for the CO2 and H2O adsorbed monolayer, bilayer and the Li intercalated bilayer surface at 298.15 K were calculated respectively using the following equation,
The calculated parameters are listed in Table 9 , and the plot indicating the variation of the parameters for the complexes are shown in Figure 9 . For the adsorption of both CO2 and H2O on monolayer graphene cluster, the enthalpy, entropy, and gibbs free energy values almost coincide (shows very negligible difference), which shows that the energetics 
CONCLUSION
The simultaneous influence of the divacant defect and the edge termination in graphene cluster for the adsorption of CO2 and H2O is explored here for the CO2 capture from flue gas emissions using first-principles method. The DV defected graphene cluster is experimentally feasible, as is evident through the formation energies. From the adsorption and functionalization the results we surmise that the gas molecules are physisorbed and the DV defect effectively enhances both hydrophobicity on fluorination and the adsorption of CO2 compared to the STW defect. The stability of AA and AB stacked divacant defect bilayer sheet is higher compared to the monolayer. In the bilayer, the layers are twisted, and hence interlayer spacing is intermittent between the layers. On intercalation of lithium, the interlayer separation decreases, particularly in AA stacking, and induces volume change between the layers, subsequently enhancing the affinity towards the gas molecules. Further, Bernal stacking increases the hydrophobicity of the bilayer graphene clusters. Compared to the monolayer graphene cluster, adsorption affinity is improved by 6 and 7 times for CO2 and H2O respectively for the case of bilayer graphene cluster. Thermochemical parameters show that the adsorption of CO2 and H2O on both monolayer and bilayer are endothermic in nature, whereas Li intercalation in bilayer graphene cluster is exothermic. All the above findings imply that divacancy defected graphene, and its analog, stacked graphene, are good hydrophobic sheets to adsorb the CO2 molecule. *Interaction distance between the gas molecule (C atom of CO2), (H atom of H2O) and the nearest C atom of the cluster. # Distances mentioned in parenthesis are the distance between the gas molecule and the intercalated Li atom. 
TABLES
